On the basis of space curve meshing equation of line gear, geometric characteristics of a driven contact curve for a driven line gear are deduced from a given driving contact curve of a driving line gear for the skew line gear (SLG) mechanism. The geometric interference is analyzed between the driving and driven line teeth of the SLG pair at the non-meshing point during the mesh process. Afterwards, a supplementary design criterion is proposed for proofing against geometric interference. The selection criteria and calculation formulae of geometric parameters for the SLG pair are subsequently derived and an experiment was carried out to test their kinematic performance. The experimental result shows that the proposed methods serve as a convenient and reasonable design tool for the SLG pair in practical application.
Introduction
In 1694, Philippe De La Hire firstly proposed involute as tooth profiles curve. Varieties of gears have been successively devised and researched since then, including circular arc (Chen and Yang, 2000) , logarithmical lead profile (Ellen and Stefan, 2010) , arc helical (Litvin and Tsay, 1985) , hypoid (Nishino, 2009) , face gear (Lin et at., 2015) , asymmetrical gear (Dooner, 2006) and orthogonal fluctuating gear ratio face gear drive (Lin et al., 2013) , etc. Meantime, selections of gear geometric parameters were being constantly studied. In 1733, Khami expounded the fundamental law of gearing; in the same year, Camus proposed that the common normal of the conjugate profiles at the meshing point passes through the instantaneous center of rotation (Alexander, 2000) . Roteft Wulls proposed that the angular speed ratio of involute gear is constant even though the center distance is changed. In 1873, Hopp presented profiles of involute gears with various numbers of teeth when the pressure angles are changed, which laid the foundation for the gear with addendum modification. In 1980s, Litvin et al. systematically presented the gear geometry theory (Wu, 2009; Faydor and Alfonso, 2004) . To establish a generalized geometric theory, Dooner proposed three laws of gearing for the definition of the kinematic geometry of generalized motion transmission between two spatial arbitrary axes via surfaces in direct contact (Dooner, 2002) ; to simplify the equation of the gear geometry, F. Di Puccio et al. proposed an approach without reference systems (Puccio et al., 2007) .
Line Gear (Chen, 2014) , named as the Space-Curve Meshing-Wheel (SCMW) previously (Chen et al., 2007) proposed by Yangzhi Chen et al. is an innovative gear mechanism based on space-curve meshing theory, including the SCMW with two cross shafts in an included angle of 90° (Chen et al., 2009) , arbitrary intersecting gear mechanism (Chen et al., 2013) and the Skew Line Gear (SLG) (Chen et al., 2013a; Lv et al, 2015) . The progress of the LG has been attained in many aspects, including meshing equations, design criteria, contact ratio, bending stress, manufacturing technology and practical application (Chen, 2014; Chen et al., 2013c) . A SLG pair consists of a driving and a driven line gears, as shown in Fig. 1 . The driving and the driven contact curves on driving tine surface and driven tine surface are the meshing paths of a SLG pair, which are designed on basis of the space curve meshing theory.
Characteristics of contact curves for the SLG pair with two non-vertical skewed axes
Contact curves for the SLG pair are a pair of space conjugate curves with complex equations, which are important to ensure the accurate meshing transmission between gears. In this section, their characteristics are obtained by analyzing the equations of contact curves.
Coordinate systems for the SLG pair (Chen et al., 2013a) are shown in Fig. 2 i   . In the following discussion, let the superscript of a variable refer to the reference system while the subscript the symbols of parameters; and the subscript 1 refers to the driving line gear while 3 refers to the driven line gear. According to the space curve meshing theory, a space curve meshing equation can be obtained as Eq.
(1) from a given driving contact curve equation (Chen et al., 2013a) , and driven contact curve equations can be derived as well. Considering of the complexity of Eq. (1), driven contact curve equations are relatively complicated. 
Equation and characteristics of a driving contact curve.
According to the reference (Chen et al., 2013a) , a driving contact curve is given as a cylindrical helix in this study, and its equation in
Where m is a meshing radius of a driving contact curve in a range of that 0 m  ; n is a pitch coefficient in a range of that 0 n  , so the driving wheel is right-handed; t is parameter indicating a curve range of that se t t t  , and when s tt  , a pair of SLG teeth began to mesh, and when e tt  , a pair of SLG teeth stop to mesh, so s t and e t are the parameters of the initial and terminational meshing points, respectively. A meshing radius of a driving contact curve is the distance from a meshing point to the driving wheel axis. The characteristics of a driving contact curve are shown in Table 1 . Table 1 Characteristics of a driving contact curve Geometric 
Equations and Characteristics of a Driven Contact Curve with two Non-vertical Skewed Axes.
Driven contact curve equations were obtained as Eqs. (3) and (5) Chen et al., 2013a) , and driven center curve equations were obtained as Eqs. (4) and (6) 
The meshing force's expression () 
Simplified equations of a driven contact curves for the SLG pair with two non-vertical skewed axes
To simplify Eq. (3) and Eq. (5), they can be denoted as Eq. (7).
where:
; the formulae of A and B are given in Table 2 . 
In this study, 0 n  is set, according to the knowledge of cylindrical spiral, the driven cylindrical helix is a left-hand screw.
Design Example 1: Assuming that
, the shape of the driven contact curve can be modeled as Fig. 3 by use of Matlab software. Fig. 3 The shape of a driven contact curve According to Eq. (7) and Design Example 1, a diameter and a screw pitch of the driven contact curve are nonlinear variables; its minimum diameter is greater than zero; and the driven contact curve is disconnected at the minimum diameter. In other words, the driven contact curve is a double towers spiral curve with a variable diameter and a variable pitch.
A meshing radius and a minimum radius of a driven contact curve with two non-vertical skewed axes
Similarly, a meshing radius of a driven contact curve is the distance from a meshing point to the driven line gear axis. In other words, a meshing radius of a driven contact curve is the diameter of a tower helix. According to Eq. (7), a meshing radius of the driven contact curve is obtained as Eq. (8).
Assume that (0) cos sin The driven contact curve is disconnected at the point with a minimum diameter in Design Example 1. Therefore, to ensure that a driven contact curve is continuous, a value of parameter t must be obtained continuously within a set of
A helix angle of a driven contact curve for the SLG pair with two non-vertical skewed axes
A helix angle of a tower helix is defined as Eq. (11) similarly to the helix angle definition of the cylindrical helix.
At 0 90      , a helix angle of a driven contact curve can be calculated by following Eq. (12).
, a helix angle of a driven contact curve can be calculated by following Eq. (13).
Design criteria and formulae of the parameters for the SLG pair with two non-vertical skewed axes
Generally, parameters c , i and  for a SLG pair were given. Parameters m and n might influence the helix angle of the driving contact curve. And m was selected optionally. In this study, design criteria and formulae for parameters a , b , t and n are derived.
An Evaluation for Parameter b
At ( 
Then the space curve meshing equation, i.e., Eq. (1), can be rewritten as Eq. (15).
Equations (3) and (5) can be rewritten as Eqs. (16) and (17) 
Design Example 2: Assume that two schemes of geometric parameters m , n , i ,  , c and t are shown in Table 3 , by substituting of a ,  and n into Eq. be modeled by using Pro/E, as shown in Fig. 4 . According to the kinematics simulation in Pro/E, these two pairs of SLGs with different  , c , t , a were meshing quite well without interference phenomena. According to Eqs. (9), (10), (12), (13), (15)- (17), a value of parameter a might and only might influence the value of Table 4 ; the models and kinematic simulations of the SLG pairs were performed by using Pro/E, as shown in Fig. 5 . In this design example, all parameters are equal except a and b , and these two pairs of SLGs both mesh quite well without interference phenomena, according to the kinematics simulation in Pro/E. It means that the value of parameter a is optional. 
An Evaluation for Parameter t .
A value of parameter t might influence not only the helix angle and the continuity of a driven contact curve, but also a length of a driven contact curve and an initial meshing point position. Moreover, if a value of parameter t was not suitably selected, a geometric interference between the driving and driven line teeth at non-meshing point in the meshing process might occur. Therefore, design criteria for parameter t must be derived. Table 5 , and the models are shown in Fig. 6 . All parameters for these two pairs of SLGs are equal except parameters c and t . In Fig. 6(a) , an interference between the driving and driven line gears occurs at an initial meshing point. There are two methods for proofing against the interference between the driving and line gears.
Method 1: At 0 c  , an initial meshing point must be taken on an interval of [0 ,180 ]  ; at 0 c  , it must be taken on an interval of [180 ,360 ]  . In Fig. 6(a) , the initial meshing point is 1(0) 300.4117   , which is not on the interval of [0 ,180 ]  at 0 c  ; so the interference between the driving and driven wheels occurs. In Fig. 6(b) , the designed SLG pair can mediate exact meshing because the initial meshing point ( 1(0) As shown in Fig. 6 and Table 5 , 110
  , and the values of parameters a , b and n for two pairs of SLGs were equal, so the value ranges of parameter t were both obtained at 2.4283 s t  .In Fig. 6(a) (0) t at a minimum radius of driven contact curve.
Meanwhile, to ensure a continuity of a driven contact curve, a value range of parameter t is rewritten as follows by using Eq. (14).
At 0 90
At 90 180
A value of parameter t
As mentioned in Section 3.3.1, a value of parameter t might influence not only an initial meshing point position but also a length and a helix angle of a driven contact curve, because a driven contact curve is a double tower spiral with a variable diameter and a variable pitch. Moreover, it might influence an accuracy of meshing between the driving and driven line teeth. So a design criterion and calculating formula for parameter t must be derived as well. teeth: 1) the circles of sections are perpendicular to the tangent of a driven contact curve, as shown in Fig. 7(a) ; 2) the circles of sections are paralleled to a plane produced by a binormal vector of a driving contact curve in 3 3 3 3 o x y z  and a tangent of a driven contact curve, which may lead to flat driven tines sections, as shown in Fig. 7(b) .
No matter which method is used, an interference might occur between the driving and driven line teeth at non-meshing point, as shown in Fig. 7(c) , because there is an angle deviation between the binormal vectors of driven and driving contact curves, as shown in Fig. 7(d) . Figure 7 (d) is a partial enlarged wireframe from Fig. 7(c) . That means the binormal vectors of driven and driving contact curves at the meshing point are not always paralleled. If an angle deviation existed, an interference between driving and driven tines might occur, which would impact on the correct meshing transmission of the designed SLG pair. For proofing against an interference, a supplementary design condition is proposed in this section, that the binormal vectors of the driven and driving contact curve in 3 Table 6 , and the models are shown in Fig. 8. Substituting geometric parameters m , n Fig. 8 (b) meshes quite well without interference phenomena, according to the kinematics simulation in Pro/E, but a slight interference occurs in Fig. 8(a) No. Parameter m is a meshing radius of a driving contact curve, which is given previously. However, an optional value of parameter n might influence not only a helix angle of a driving contact curve but also the establishment possibility of Eqs. (27) and (30). Equation (27) is a monotone decreasing function, while Eq. (30) is a monotone increasing function. At (0) 0 t  , Eqs. (27) and (30) can be translated into Eqs. (31) and (32), respectively.
To ensure that at (31) and (32) must be greater than zero, considering of that at 0 n  , a value range for parameter n is set as follows.
At 0 
skewed axes
The characteristics of a driven contact curve and design formulae for the SLG pair with two vertical skewed axes are discussed in this section independently, because the design formulae for the SLG pair with two vertical skewed axes are simple.   are taken as examples respectively, by using the design formulae in Table 6 , the values of the parameters for the SLGs are obtained, as shown in Table 8 . Table 8 , the equations of driving and driven contact curves can be obtained. The models for Design Example 6 are simulated in Pro/E, as shown in Fig. 9 , respectively, and they mesh well without interference phenomena, according to the kinematics simulation in Pro/E. With the design formulae in Table 7 , the SLGs can be designed conveniently and exactly. 
Characteristics of a driven contact curve for the SLG pair with two vertical skewed axes.

Prototypes of a designed SLG pair
The prototypes of designed SLG pair in Fig. 9 (c) were manufactured by 3D printing using VisiJet plastic with ProJet 3510 HD & Plus machine which precision is 0.015mm, as shown in Fig.10 . It is worth mentioning that the black objects on the surface of the line gear teeth are carbon dust which used to be lubricant. 
A kinematics experiment of a SLG pair
Based on the previous studies (Chen, 2014 , Chen et al., 2013a , an improved test rig was adopted to execute the experiment. The experimental schematic diagram is shown in Fig. 11 , and the test rig is shown in Fig. 12. In Fig. 12 , the encoder connected the driven line gear is OVW2-20-2MD; the acquisition card is PCI-1784. The instantaneous rotating speeds of the driving line gear and driven line gear were recorded automatically by LabVIEW. According to 13 / i   , the instantaneous transmission ratios are shown in Fig. 13(a) , and the median filtering transmission ratios are shown in Fig. 13(b) . From Fig. 13(b) , the average transmission ratio is 3.0006, which is very close to 3, the theoretical transmission ratio. The relative error is 0.02%. The mean-square deviation of transmission ratios is 0.0043. The maximum variation of transmission ratios is 0.012491. The relative errors in this testing mainly include manufacturing errors, assembly errors, measure errors and angular misalignment. The assembly errors and angular misalignment have been shown in references (Chen et al., 2013c) . However, the main influencing factors are the manufacturing errors (Chen et al., 2013 , Chen et al., 2013a . The manufacturing precision affects the roughness of the line teeth and the shapes of the prototype line gears.
From the experimental results, it can be concluded that SLG pair designed by the design formulae of geometric parameters is capable for committing a transmission at an arbitrary alternate angle in two skew axes with a precise transmission ratio. Fig. 13 The computed result of the instantaneous transmission ratio and its filtering result
Conclusion
After analyzing the characteristics of the driving and driven contact curves, it can be concluded that if a driving contact curve is given as a spatial cylindrical spiral, a driven contact curve for the SLG pair with two non-vertical skewed axes is a double tower spiral with a variable diameter and a variable pitch, and a driven contact curve for the SLG pair with two vertical skewed axes is a deformation involute. An interference of the driving and driven line teeth occurs occasionally because a binormal vector of a driven contact curve is not parallel to a binormal vector of a driving contact curve. For proofing against an interference in the meshing process, a supplementary design criterion for the SLG pair is proposed that, a dot product of a tangent of a driven contact curve and a binormal vector of a driving contact curve in 3 3 3 3 o x y z  at the middle meshing point must be equal to zero. Meanwhile, the design criteria and design formulae of geometric parameters for the SLG pair are established. Finally, by the design examples and the kinematics experiment of one design example, it can be concluded that the studied theories propose a more convenient and exact detailed design methodology for the SLG pair. For the practical application of the SLG pair, there are some research areas remaining to be studied, including a contact curve length, the standardization of basic design parameters, the lubrication and effectiveness of SLG pair, a contact ratio, a sliding rate, bending and contact strength, the specific application, etc. 
